The intestine and kidney are linked by a mechanism that increases salt excretion in response to salt intake. The peptide uroguanylin (UGn) is thought to mediate this signaling axis. Therefore, it was surprising to find (as reported in a companion publication) that UGn is stored in the intestine and circulates in the plasma almost exclusively in the form of its biologically inactive propeptide precursor, prouroguanylin (proUGn), and, furthermore, that infused proUGn leads to natriuretic activity. Here, we investigate the fate of circulating proUGn. Kinetic studies show rapid renal clearance of radiolabeled propeptide. Radiolabel accumulates at high specific activity in kidney (relative to other organs) and urine (relative to plasma). The principal metabolites found in kidney homogenates are free cysteine and methionine. In contrast, urine contains cysteine, methionine, and three other radioactive peaks, one comigrating with authentic rat UGn 15 . Interestingly, proUGn is not converted to these or other metabolites in plasma, indicating that circulating proUGn is not processed before entering the kidney. Therefore, our findings suggest that proUGn is the true endocrine agent released in response to salt intake and that the response of the kidney is dependent on conversion of the propeptide to an active form after it reaches the renal tubules. Furthermore, proUGn metabolites (other than small amounts of cysteine and methionine) are not returned to the circulation from the kidney or any other organ. Thus, to respond to proUGn released from the gut, any target organ must use a local mechanism for production of active peptide. (Endocrinology 149: 4499 -4509, 2008)
T HE RENAL EXCRETORY response to salt ingestion (often referred to as "postprandial natriuresis") is more effective than the response to an equivalent iv infusion of saline (1) (2) (3) (4) . This has contributed to the concept of an enterorenal axis for solute homeostasis that is thought to preempt the slower volume-dependent responses, such as those mediated by atrial natriuretic peptide (ANP), angiotensin, aldosterone, and renal perfusion pressure. Several mechanisms probably contribute to enhanced postprandial natriuretic activity, among which the most often invoked are neuronal or humoral reflexes initiated by salt sensitive chemoreceptors in the portal vein (5) (6) (7) (8) (9) , and an endocrine axis in which natriuretic peptides are released into the circulation from the intestine in response to salt intake (10) .
In 1993, uroguanylin (UGn), a guanylyl cyclase-activating peptide, was purified from urine (11) . Shortly thereafter, closely related forms of this peptide were purified from plasma (12) and from intestinal extracts (13) . Several lines of evidence suggest that UGn is a good candidate for mediating the postprandial enterorenal endocrine axis described above. UGn is expressed principally in the intestine (13) (14) (15) by a specific type of endocrine cell (16, 17) , where its expression is regulated by orally administered salt (18) . The peptide also circulates in blood (12, 14, 19, 20) and is natriuretic when infused into the isolated perfused rat kidney or the anesthetized mouse (21) (22) (23) (24) (25) . Perhaps most significantly, elimination of endogenous UGn in mice (by targeted disruption of the gene that encodes it) leads to impaired urinary excretion of orally delivered sodium, and modest, chronic hypertension (26) . Collectively, these observations provide strong evidence that UGn plays a role in electrolyte homeostasis, particularly with regard to the management of dietary salt.
In a companion publication (27) , we report that UGn is stored in the rat intestine and released into the circulation primarily in the form of its propeptide precursor, prouroguanylin (proUGn). We also show that intact proUGn has natriuretic and diuretic effects when infused iv into anesthetized rats. Thus, the processing step for conversion of proUGn to its mature, active form is likely to be a postsecretory event.
To investigate potential post-secretory processing mechanisms that could convert circulating proUGn to active metabolite(s), as well as the means by which the propeptide and/or its metabolites are cleared from the plasma, we infused animals iv with radiolabeled recombinant proUGn. HPLC analysis of tissue extracts, urine, and plasma from these animals has provided a clear picture of the relevant mechanisms. Surprisingly, the data show that the propeptide remains in an intact state throughout its time in the circulation. This suggests that processing of circulating proUGn most likely occurs after the propeptide has been delivered to its target organ(s). Our data also reveal that one well-established target organ (the kidney) is able to effectively metabolize proUGn. The resulting peptides, which include UGn and several other unidentified fragments, are retained within the nephrons and are eliminated in the urine. This is reminiscent of the proposed handling of proUGn in the intestine, where intraluminal digestive enzymes, such as chymotrypFirst Published Online May 22, 2008 sin, are thought to rapidly convert luminally secreted propeptide into active UGn (28) .
Materials and Methods

Experimental animals
Male Wistar rats (200 -300 g) were purchased from Charles River Laboratories (Wilmington, MA) and maintained on a 12-h light, 12-h dark cycle in an Association for Assessment of Laboratory Animal Care (AALAC)-approved facility with continuously available veterinary care and unimpeded access to water and rat chow. All experimental procedures were approved by the Institutional Animal Care and Use Committee at the University of North Carolina at Chapel Hill, and were performed in accordance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals. Animals weighed between 250 and 350 g at the time of study.
Purification and quantification of native proUGn
Native proUGn was extracted from the rat intestine and purified by a two-step HPLC procedure, as described in our companion paper (27) . In plasma recovery studies, proUGn was measured with a quantitative Western blot assay, also described in our companion publication (27) .
Production of isotopically labeled recombinant proUGn
The rat proUGn sequence was subcloned into an expression vector optimized for high-yield in vitro translation (pCITE-4a(ϩ); Novagen/ EMB Biosciences, Madison, WI). This vector encodes an S-tag peptide and a thrombin cleavage site upstream from the multiple cloning site. The proUGn insert was PCR amplified from a previously cloned cDNA using a forward primer with an added NcoI restriction site (5Ј-TCAT-GCCATGGTCCAAGTCCAGCTAGAA-3Ј) and a reverse primer with an added XhoI restriction site (5Ј-TGTACGGGCTGCTGACACTCGAG-CACGAGC-3Ј). These primers were chosen to eliminate both the 21-residue signal peptide and an internal NcoI site near the 5Ј end of the proUGn coding sequence. In addition, by inserting a methionine residue adjacent to the thrombin cleavage site, this construct enhanced radiolabeling of any peptide fragments that might be cleaved from the aminoterminal region of the propeptide. The PCR product was ligated into linearized pCITE-4a(ϩ), and, after single colony isolation and amplification in bacteria, the sequence and orientation of the insert were confirmed. The insert encodes the amino acid sequence GSMV-QVQLESVKKLNELEEKQMSDPQQQKSGLLPDVCYNPALPLDLQPV-CASQEAASTFKALRTIATDECELCINVACTGC.
Plasmid DNA was then used as the template for a coupled in vitro transcription/translation reaction (TnT rabbit reticulocyte lysate system; Promega Corp., Madison, WI) in the presence of 35 S-cysteine and 35 Smethionine (ProMix; Amersham-Pharmacia Biotech/GE Healthcare, Life Sciences, Waukesha, WI). Labeled proUGn was subsequently affinity purified on S-protein-coupled agarose beads (Novagen) and released from the beads by digestion with biotinylated thrombin (Novagen). The thrombin was then bound to streptavidin-agarose beads (Novagen). After removing the beads, the recombinant propeptide in the supernate was applied to a VYDAC 218TP1010 C-18 reverse-phase column [The Separations Group Inc. (Grace Vydac), Hesperia, CA] that had been pre-equilibrated with HPLC grade water containing 0.1% trifluoroacetic acid. The column was eluted at a flow rate of 1 ml/min, with an immediate step increase to 36% acetonitrile, followed by a linear gradient of acetonitrile from 36 -45% over 40 min, and ending with a step increase to 100% and maintained at 100% for 30 min. Two closely eluting peaks of labeled material were identified by liquid scintillation spectroscopy. Two lines of evidence demonstrate that the later peak corresponds to 35 S-proUGn: 1) its retention time (35-40 min) was identical to that of native proUGn on this gradient, and 2) the material eluted in this second peak behaved like full-length proUGn in a Western blot. After HPLC purification, solvents were removed under vacuum, and the recombinant 35 S-labeled propeptide was resuspended in PBS for infusion into anesthetized animals.
Intravenous infusion of labeled, recombinant proUGn
Animals were deprived of food (but not water) overnight, then anesthetized with urethane (1.6 g/kg body weight, ip). To prepare animals for these experiments, surgeries were performed as described for the renal function studies in our companion publication (27) . Radiolabeled proUGn was then administered as either: 1) a bolus injection (5 ϫ 10 6 cpm) through the jugular vein, or 2) a priming dose (6 ϫ 10 5 cpm) given by bolus injection followed by a maintenance dose (5 ϫ 10 6 cpm) added to the infusion solution over a long (60 -360 min) period. Plasma and urine were collected at intervals, as described in the Results. Plasma samples (heparinized) and urine were stored on ice for the duration of the experiment, then frozen and stored at Ϫ80 C before analysis by HPLC (see next section). At the end of the infusion period, tissues were removed and flash frozen on dry ice. Note that most tissues were frozen immediately, but kidneys were flushed with 15 ml 140 mm NaCl before freezing, to clear radioactive materials from both the intravascular and intratubular compartments. All frozen tissues were homogenized in ice-cold homogenization buffer (4 ml/g tissue), using a motor-driven Potter-Elvehjem homogenizer (Thermo Fisher Scientific Inc., Waltham, MA). The homogenization buffer contained 25 mm HEPES (pH 7.4), 0.5 mm EDTA, and the following protease inhibitor cocktail (Sigma Chemical Co., St. Louis, MO): 2.5 mm 4-(2-aminoethyl)-benzenesulfonyl fluoride, 38 m pepstatin A, 35 m trans-epoxysuccinyl-l-leucylamido(4-guanidino)butane, 100 m bestatin, 55 m leupeptin, and 2 m aprotinin. After homogenization, the extracts were centrifuged at 27,000 ϫ g for 30 min at 4 C in a Ti-50 rotor (Beckman Instruments, Inc., Fullerton, CA), and the pellets were discarded. Supernatant fractions were stored at Ϫ80 C before analysis by HPLC (see next section). At the end of the experiment, after all tissues and fluids had been collected, animals were euthanized by anesthetic overdose.
HPLC analysis of radiolabeled proUGn metabolites in liver, kidney, plasma, and urine
Tissue, plasma, and urine samples were passed through a 0.2-m Acrodisc syringe filter (Pall Corp., Ann Arbor MI), then applied to the C-18 reverse-phase column described previously, after pre-equilibration with HPLC grade water containing 0.1% trifluoroacetic acid. The column was eluted at a flow rate of 1 ml/min, with a linear gradient of acetonitrile from 2-50% over 30 min, followed by a step increase to 100% acetonitrile and maintained at 100% for 10 min. One-milliliter samples were collected, dried in a centrifugal vacuum concentrator (Savant SpeedVac; Thermo Electron Corp., Waltham MA), dissolved in scintillation fluid (Scintisafe; Thermo Fisher Scientific), and analyzed by scintillation spectroscopy to establish the relative amounts of radioactivity incorported into metabolites and determine their retention times on the column.
Inulin and proUGn clearance measurements
Fluorescein isothiocyanate (FITC)-conjugated inulin (Sigma Chemical) was dissolved in isotonic saline at a concentration of 40 mg/ml in a boiling water bath, cooled, and dialyzed against isotonic saline (SpectraPor 6 dialysis membrane, 1000-Da cutoff limit; Spectrum Laboratories, Rancho Domingo, CA). The dialyzed solution was filtered through a 0.2-m membrane and then administered to anesthetized Wistar rats as a bolus injection of 0.5 ml into the jugular vein. Blood samples were collected through the carotid artery cannula into heparinized hematocrit tubes at 0.25, 2, 5, 10, 20, 40, 60, 100, and 120 min after the bolus injection. The procedure was repeated in a separate group of "anephric" rats 5-10 min after bilateral ligation of the renal pedicles. Plasma samples were assayed for FITC inulin as described in our companion publication (27) , based on the method of Lorenz and Gruenstein (29) . The fluorescence intensity obtained from the first plasma sample (30 sec after bolus injection) was set at 100%, and subsequent plasma inulin values are expressed as a percentage of this value. 35 S-proUGn disappearance curves were generated by a similar procedure in normal and acutely nephrectomized rats, except that the bolus injection contained 5 ϫ 10 6 counts of 35 S-proUGn produced by the in vitro reticulocyte expression system. Plasma samples were taken at 0. 25, 5, 10, 30, 60, 90 , and 120 min. Fewer samples were collected than in the inulin experiments because a greater volume of plasma was needed at each time point for HPLC analysis. A 100-l aliquot of plasma from each sample was fractionated on a C-18 reverse-phase HPLC column to identify potential labeled metabolites that might have accumulated in blood over the duration of the experiment. Fractions from the C-18 column were transferred to scintillation vials, dried under vacuum, and reconstituted in Scintiverse (Fisher Scientific, Pittsburgh PA) for liquid scintillation spectroscopy. ProUGn was estimated as the total counts (blank subtracted) summed across the fractions that coincided with the known retention time for rat proUGn. This always corresponded to a distinct peak of radioactivity (see Fig. 2) .
A separate group of five rats was cannulated for an infusion of FITC-labeled inulin (Sigma Chemical) at a rate of 100 g/min in isotonic saline at 30 l/min. After 1 h equilibration, 0.5-ml blood samples were taken from the carotid artery and left renal vein for analysis of plasma inulin and endogenous (nonradioactive) proUGn concentrations [methods described in the companion publication (27) ]. The renal extraction ratios for each substance were calculated from the arteriovenous concentration differences. Given the well-established renal handling of inulin, the inulin extraction ratio represents the filtration fraction, or the proportion of renal plasma flow that is filtered into the nephrons at that moment. Thus, a comparison of the extraction ratios for proUGn and inulin reveals the extent to which peptide removal by the kidneys corresponds to the amount of peptide filtered into the nephrons.
Autoradiographic localization of 35 S-labeled metabolites in histological sections of renal tissue
Animals were anesthetized with urethane, and the jugular vein was cannulated with PE10 tubing for infusion, as described previously. A 5 ϫ 10 6 cpm dose of 35 S-proUGn was administered as an iv infusion over 30 min in a volume of 1 ml isotonic saline. Animals were then flushed with ice-cold heparinized saline through the carotid artery. Venous effluent was collected from a PE90 cannula positioned in the inferior vena cava via the femoral vein. After exsanguination the saline was replaced with ice-cold 4% paraformaldehyde, which was infused until fixation was evident. Kidneys were removed, cut into 4-mm cubes, and cryoprotected by immersion in 10% sucrose for 12 h, followed by 30% sucrose until the tissue sank. The tissue was then embedded in optimum cutting temperature (OCT) compound (Tissue-Tek, Miles Inc., Elkhart, IN) and frozen in an isopentane bath cooled in liquid nitrogen. Frozen sections of the embedded tissue were prepared with a cryostat and mounted on Superfrost slides (Erie Scientific Co., Portsmouth, NH). Slides were dipped in photographic emulsion and sealed in light tight boxes for 2 wk before developing the exposed emulsion with standard photographic procedures. Sections were viewed with an inverted microscope (Zeiss Axioscope; Carl Zeiss MicroImaging, Inc., Thornwood, NY) equipped for epifluorescence excitation and detection. Silver grains were visualized by combining a low level of conventional-phase contrast illumination with high-intensity light delivered perpendicular to the axis of viewing (Darklite Illuminator; Micro Video Instruments, Avon, MA). This allows silver grains to be viewed simultaneously with the underlying tubular structures. Fluorescence images of the same field were then superimposed on the phase-contrast image. In parallel studies, autofluorescent tubular structures were shown to stain selectively with an antibody directed against neutral endopeptidase (NEP 24.11), a brush border protease, thus identifying them as proximal segments (data not shown).
Curve fitting
We used curve-fitting procedures in Igor Pro (WaveMetrics, Lake Oswego, OR) and Prism 5 (GraphPad Software Inc., San Diego CA). These procedures use the Levenberg-Marquardt algorithm to adjust the parameter values of a given function iteratively until the weighted sum of the squared residuals ( 2 ) is minimized. We used this algorithm to define single, double, and triple exponential functions that would approximate the plasma proUGn and inulin disappearance curves. After each fit was optimized, the resulting 2 values were used to calculate Akaike's Information Criterion (AIC) for each function: AIC ‫؍‬ n ϫ ln ( 2 ) ϩ 2m; where n is the number of data points, and m is the number of adjustable parameters (30) . In each case the lowest AIC value was observed for the triple exponential function, indicating that it is the preferred model, with the better fit to the data.
Results
In a companion paper (27) , we have shown that intact proUGn circulates in the blood at a very much higher level than does UGn. This raises two important issues: 1) at what rate, and by what mechanism, is proUGn cleared from the plasma; and 2) do post-secretory processing mechanisms convert circulating proUGn to active metabolite(s), either in the plasma or in a specific target tissue? To investigate these questions, we performed infusion studies in anesthetized rats, using radiolabeled recombinant rat proUGn.
During infusion of radiolabeled proUGn, radioactivity accumulates in liver, kidney, and urine
After 60 min continuous infusion with labeled propeptide, only two tissues (kidney and liver) accumulated significant amounts of radioactivity (Fig. 1, white bars) . The specific activity of labeled material in the kidney was approximately 10 times higher than that in liver (Fig. 1A, black bars) , and the concentration of radioactivity in urine was approximately 10 times higher than that in plasma (Fig. 1B) , consistent with the idea that the kidney plays a dominant role in clearing the propeptide from the circulation, as would be expected for a peptide of this size.
Circulating proUGn is rapidly removed from the plasma by renal clearance
To explore further the role of the kidney in proUGn clearance, we measured the rate of disappearance of labeled propeptide from plasma after bolus injection into control and anephric animals (the latter was produced by ligating the renal pedicles 5 min before injection). This is equivalent to a classical pulse-chase procedure because, as demonstrated in our companion publication (27) , endogenous, nonradioactive proUGn is continuously released from the intestine into the circulation in both intact and anephric animals. Plasma samples obtained at specific times after the bolus injection were fractionated by reverse-phase HPLC ( Fig. 2A, control  animals; Fig. 2B , anephric animals). At every time point, the radioactivity eluted from the reverse-phase column as a single, well-defined peak, whose chromatographic behavior was indistinguishable from that of authentic proUGn
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FIG. 1. Distribution of radiolabel in tissues and fluid compartments at the end of a 60-min steady intravascular infusion of 35 S-proUGn. A, The bulk of the recovered radioactivity (counts per minute per organ) was found in kidney and liver (white bars). However, specific activity of labeling (cpm/g protein) in the kidney is far greater than in any other tissue (black bars). Data report the mean Ϯ SEM for three independent determinations. B, Radioactivity was substantially more concentrated in urine than plasma (mean Ϯ SEM, n ϭ 3).
(retention times of HPLC standards are given in Fig. 2C , and marked by the arrows in Fig. 2, A and B) . The amplitude of this peak decreased progressively over time in both types of animal. To evaluate this quantitatively, we integrated the area of the peak for each sample and plotted this value as a function of time after infusion (Fig. 2D) . In control animals, proUGn was cleared quickly from the circulation, with an overall plasma half-life of 49 sec (Fig. 2D, white symbols) . This disappearance curve was best fit by a triple exponential function ( Table 1 ), suggesting that infused propeptide exits the circulation by a minimum of three independent routes. At least one of these routes must involve the kidney because
A bolus dose of 35 S-proUGn was cleared rapidly from the plasma of a normal animal and much more slowly after renal ablation. A, Representative HPLC analyses of plasma samples obtained at the indicated times from a control animal. Radioactive material eluted in each fraction was measured in a scintillation counter and is expressed as counts per minute recovered per l plasma applied to the column (mean Ϯ SEM for replicate column runs, n ϭ 3). For the sake of clarity, some time points that were included in the study have been omitted from the figure. The dotted line shows the gradient of acetonitrile that was used to elute the column. B, Representative HPLC analyses of plasma samples obtained from an anephric animal, as in A. Again, for the sake of clarity, some time points have been omitted. C, Schematic depiction (not to scale) of proUGn, c-terminally deleted proUGn (C⌬), UGn 15 , methionine (met), and cysteine (cys), along with their observed retention times on the C-18 column. The retention times are also marked by arrows in A and B. The asterisks indicate the approximate positions of cysteine and methionine residues that would be radioactively labeled in the parent molecule and its metabolites. D, The plasma level of radioactive proUGn is determined by integrating the radioactivity of the proUGn peaks in A and B, then plotted as a function of time after a bolus injection into control animals (white symbols) and anephric animals (black symbols). To correct for animal-to-animal differences in total blood volume and proUGn specific activities, the proUGn levels for each animal were normalized to the amount present at that animal's earliest (15 sec) time point. Combined data are presented (mean Ϯ SEM, n ϭ 3). In the time intervals chosen for sampling, we could not observe any distribution phase corresponding to the equilibration of the infused material within the animal's circulating volume, presumably because the initial mixing occurred very rapidly. The solid lines represent the best fit of a triple exponential function to the data (see Materials and Methods). E, Inulin disappearance curves obtained under the same conditions as the proUGn disappearance curves shown in panel C. The gray curves (for proUGn) are reproduced from panel C for reference. For anephric animals we assumed that removal of the kidneys eliminated the slow-clearance mechanism, which revealed an ultraslow process that could only be observed in the absence of renal activity. In this case we used the equation: % remaining ϭ amp residual ϩ amp fast exp (Ϫt/fast) ϩ amp medium exp (Ϫt/medium) ϩ amp ultraslow exp (Ϫt/ultraslow) ND, Not detectable.
complete nephrectomy increased proUGn's plasma dwell time by a factor of seven, giving a new overall plasma halflife of 351 sec (Fig. 2D, black symbols) . Furthermore, although the time course of propeptide disappearance was again best fit by a triple exponential function, the fit in the nephrectomized animals appeared to lack the slowest clearance component that was normally observed in control animals, and instead included an ultraslow process ( Ͼ 13,000 sec, Table  1 ) that was difficult to observe under control conditions, due to the exceedingly low levels of proUGn present in the plasma at all time points after 30 min when the kidneys were functional. We also performed experiments to measure the rate of disappearance of FITC-labeled inulin after bolus injections into control and anephric animals (Fig. 2E) . Inulin has long been used as a filtration marker in renal clearance studies because it is biologically inert, not metabolized by any tissue, freely filtered by the kidney, and neither absorbed nor secreted by the renal tubules. The similar effect of nephrectomy on the time constants for proUGn and inulin disappearance (Table 1) suggests that the two molecules are handled in a similar way, i.e. that the kidney provides a prominent route for clearance of both molecules under normal circumstances. This is supported further by measurements of the renal extraction of inulin and native proUGn. Based on the concentration difference between arterial and renal venous plasma, the renal extraction of inulin from arterial plasma was 26.6 ϩ 3.5% compared with 29.9 ϩ 5.0% for proUGn (mean Ϯ sem, n ϭ 5). These values are not statistically different and suggest that the renal clearance of proUGn is a filtration-dependent phenomenon that parallels inulin clearance.
However, note that proUGn was eliminated from the circulation slightly more effectively than inulin, both in the presence and the absence of the kidneys; compare the inulin curves in Fig. 2E with the superimposed proUGn curves shown in gray and reproduced from Fig. 2D . Thus, at least one clearance mechanism acts on proUGn that does not act on inulin.
Circulating proUGn is not metabolized within the vascular compartment
The HPLC traces in Fig. 2A reveal that essentially all of the radioactivity in plasma was accounted for by intact proUGn at each time point after bolus injection. This remained true even when plasma clearance was greatly retarded by removing the kidneys (Fig. 2B) . If there had been significant conversion of proUGn to UGn in the plasma, a radioactive peak should have appeared in the chromatogram at 42-43 min (the retention time of authentic UGn). Any such metabolite would have been heavily 35 S-labeled because it would contain the four cysteine residues that are found at the C terminus of the propeptide (Fig. 2C) . Furthermore, because we added an extra (nonnative) methionine residue to the N terminus of our recombinant construct, we would also have detected any processing fragments derived from this portion of the molecule. Given the precursor/product relationship between proUGn and any such metabolites, the levels of the latter should have increased as levels of the former decreased. However, no fragments of any sort were observed in any of the chromatograms at any time point, arguing strongly that plasma and endothelial proteases did not process proUGn while it was circulating within the vasculature. Furthermore, within the time frame of these bolus injection experiments, any proUGn metabolites that were generated in tissues were not returned to the plasma in detectable amounts.
For comparison to the results obtained with the radiolabeled recombinant propeptide, we also investigated the plasma stability of native proUGn. For these experiments we generated 2-l aliquots from a freshly drawn sample of plasma, and added 500 fmol native rat proUGn to each. We then incubated the aliquots at 37 C for varying amounts of time, terminating any potential ongoing proteolytic activity at each specified time point by adding sodium dodecyl sulfate (SDS) sample buffer and immediately boiling the sample. SDS-denatured samples were then applied to polyacrylamide gels, and the relative proUGn content was determined by Western blotting followed by quantitative densitometry, as described in our companion publication (27) . We observed no significant degradation of proUGn, even after 60 min incubation, which is more than 70 times longer than the plasma half-life that is normally observed in the intact animal. The propeptide content at 60 min was 92 Ϯ 7% of the control level measured in samples that had been immediately boiled in SDS without any incubation at 37 C (mean Ϯ sem, n ϭ 4).
Circulating proUGn is metabolized by the kidney, and specific metabolites are excreted in the urine
As shown previously (Fig. 1A) , a significant amount of labeled material accumulated in the kidney during prolonged iv infusion with radioactive proUGn. However, when analyzed by HPLC, kidney extracts actually contained very little intact proUGn (Fig. 3A) . Instead, label was principally associated with two large HPLC peaks eluting at positions corresponding to free cysteine (peak 1) and free methionine (peak 2). These radioactive amino acids were not uniformly distributed within the kidney. When we performed an autoradiographic study of kidneys that were perfusion fixed with 4% formaldehyde 10 min after beginning an iv infusion of radioactive proUGn, we observed silver grains, marking the locations of 35 S-labeled metabolites, over a large number of the autofluorescent profiles of proximal tubular segments close to glomeruli, but not over the glomeruli themselves or nonfluorescent distal tubules (Fig. 3B) .
To evaluate the possibility that the absence of significant amounts of intact proUGn in kidney extracts was due to post-homogenization proteolysis of the propeptide, we spiked a homogenized sample with a known amount of native proUGn and measured the recovery of intact propeptide after prolonged incubation. This was similar to the plasma stability studies described in the previous section, except that we also included our standard protease inhibitor cocktail and performed the incubation at 4 C, to parallel the way in which the radioactive samples had been processed. After 60 min we recovered essentially all (92.6 Ϯ 2.6%, mean Ϯ range, n ϭ 2) of the spiked native material in intact form, indicating that proteolysis was not a significant factor in the radiolabeling studies.
In striking contrast to the limited spectrum of labeled metabolites observed in kidney homogenates, radioactivity recovered in the urine was distributed among a wide variety of molecular species (Fig. 3C) , including cysteine (peak 1), methionine (peak 2), a small amount of material whose retention time matches that of intact proUGn (peak 6), and three additional metabolites (peaks 3, 4, and 5); note that peak 3 partially overlaps the methionine peak. One of these metabolites (peak 5) had a retention time identical to that of an authentic rat UGn 15 standard. The other metabolites (peaks 3 and 4) are as yet unidentified. However, we believe it is likely that they correspond to UGn 13 and UGn 14 because these alternative proUGn cleavage products were both previously identified (along with UGn 15 ) as prominent bioactive components of opossum urine (11) . However, it is difficult to compare previously published and current results on a peakby-peak basis because substantial differences in pH, ion pairing reagent, and gradient elution profile will have affected the relative retention times of the individual molecules.
The fact that urinary peptide metabolites of proUGn do not gain access to the circulation was further confirmed in samples of blood taken contemporaneously from carotid artery and renal vein after 1-2 h continuous iv 35 S-proUGn infusion (Fig. 4A) . Consistent with the prolonged nature of this infusion protocol, both plasma samples showed a predominant proUGn peak (peak 6). In addition, and unlike the bolus injection studies previously presented in Fig. 2 , modest cysteine-and methionine-like peaks were also detectible (peaks 1 and 2). Presumably, these were generated within the kidney during the processing of proUGn and then returned to the plasma. As would be predicted by this hypothesis, the renal venous plasma contained a significantly higher proportion of the labeled amino acids, relative to intact proUGn, than did the carotid arterial plasma (Fig. 4B) . In addition, it is particularly noteworthy that neither the venous nor the arterial plasma sample contained any metabolite of proUGn other than free cysteine and free methionine. Thus, even over prolonged time periods, circulating proUGn does not serve as a source of circulating UGn.
Liver, which is the only other tissue that accumulated significant amounts of radioactivity during prolonged infusion of labeled proUGn (Fig. 1A) , was also found, on HPLC analysis, to contain primarily cysteine and methionine (Fig.  5) . These labeled amino acids could have been generated locally by a catabolic mechanism resident within the liver itself or could have been generated extrahepatically (e.g. by the kidney) and transported to the liver via the circulation. Thus, in contrast to the kidney, the liver does not metabolize proUGn to UGn, or to any other metabolites more complex than free amino acids. Unexpectedly, the ratio of labeled cysteine to labeled methionine in liver was strikingly lower than in plasma or kidney. This is likely a reflection of the tight control that is known to be maintained over hepatic cysteine levels, allowing the liver to maintain a pool of the amino acid The phase-contrast image on the top shows two glomeruli (labeled "G" in the lower panel) and several tubular profiles. The fluorescence image on the bottom shows silver grains and autofluorescence at 650 nm in the same field. Proximal tubules are identifiable by autofluorescence, whereas glomeruli and distal tubular segments are negative for autofluorescence. This was verified in separate experiments (data not shown) that compared the distribution of autofluorescence to that of neutral endopeptidase (NEP 24.11), an enzyme that is present in the brush border membranes of the proximal tubules. Silver grains, indicating the presence of 35 S-labeled cysteine and 35 S-labeled methionine, were concentrated over some autofluorescent proximal tubular profiles but were never present over distal tubules or glomeruli. Proximal tubules labeled in this way were situated close to glomeruli. C, HPLC analysis of urine (mean Ϯ SEM, n ϭ 7), performed as described for A. Retention times of cysteine, methionine, UGn, and proUGn standards are marked by the arrows. Peaks numbered three and four represent unidentified metabolites.
adequate to support large-scale protein synthesis while keeping its levels below the threshold for cytotoxicity (31) .
Liver homogenates also contained very small amounts of intact proUGn (Fig. 5) . However, because the livers were not perfused with nonradioactive medium before processing, we consider it most likely that this small peak represents residual proUGn that was present within vascular and/or interstitial spaces. Further experimentation will be required to determine whether hepatocytes can take up intact proUGn.
Discussion
As a general rule, peptide hormones are synthesized as inactive propeptide precursors and converted to smaller, biologically active peptides by specific proteolytic cleavages (32, 33) . For typical peptide hormones, the most abundant intracellular storage form is the mature, processed peptide. For example, only 5% of gastrin and 20% of cholecystokinin are found in the small intestine in propeptide form (34) . However, a few peptide hormones, such as ANP and angiotensin, are stored almost exclusively as inactive propeptides (35) (36) (37) . In such cases, processing occurs as a postsecretory event, mediated by ecto-proteases located at the site of secretion or within the vasculature.
Our studies, presented here and in a companion publication (27) , reveal that UGn falls into yet a third category. Like ANP and angiotensin, UGn is stored within tissues primarily in propeptide form, and significant quantities of the intact propeptide are released into the plasma. However, in contrast to pro-ANP and angiotensinogen, circulating proUGn is not processed intravascularly (Figs. 2, A and B, and 4A) . Rather, it is cleared from plasma by the kidney (Fig. 2D ) and processed intrarenally (Fig. 3C) . With the exception of free cysteine and free methionine, the renal metabolites are not returned to the general circulation (Fig. 4A) , but rather are excreted in the urine (Fig. 3C) .
One or more of these renal metabolites must have biological activity because, as shown in our companion publication (27) , infusion of intact proUGn evokes a strong natriuretic response from the kidney. Furthermore, the increases in fractional sodium excretion observed in those renal function studies, coupled with stable blood pressure and glomerular filtration rate (GFR), suggest that the active fragment acts on solute absorption mechanisms that reside within the tubules, rather than hemodynamic mechanisms (systemic or renal vascular resistance) that reside outside the tubules. Thus, our results suggest that a plasma pool of proUGn is secreted from the intestine, to serve as a plasma reservoir of biologically inert material that is converted intrarenally to an active product for delivery to the nephrons. We have not yet explicitly established the identity of the active metabolite(s), but one of the radioactive fragments produced from proUGn by the kidney has the same retention time as UGn 15 , a bioactive form of UGn that is known to be relatively abundant in urine (11) . Intrarenal generation of UGn-related peptides, followed by excretion of these mature peptides in urine, would be strikingly consistent with previous studies demonstrating the presence of large amounts of bioactive UGn in the urine of opossums (11) , humans (38) , and rats (39) . Indeed, it seems likely that the high levels of UGn in urine would be derived from the abundantly circulating propeptide rather than from the extremely limited supply of UGn that is present in plasma. , the renal venous plasma (filled bars) contained a significantly higher proportion of metabolites, and lower proportion of intact proUGn (mean Ϯ SEM, n ϭ 6; **, P Ͻ 0.01; *, P Ͻ 0.05). This is consistent with the loss of some proUGn due to renal extraction, coupled with the return of some cysteine and methionine to the circulation after digestion of the extracted proUGn.
Our experiments also do not identify the intrarenal site where proUGn processing occurs. Two distinct possibilities can be considered. First, the propeptide could pass intact across the glomerular filtration barrier, for processing within the tubular lumen by proteases residing in the epithelial brush border of the proximal tubules. Alternatively, the propeptide could be absorbed from the plasma into tubular epithelial cells by basolateral endocytosis, then processed within vacuoles for apical secretion (in processed form) into the tubular lumen. Although our data do not unequivocally discriminate between these models, several lines of evidence provide strong support for the former over the latter. First, as reported in our companion publication (27) , proUGn circulates in plasma as a free 9.4-kDa peptide, uncomplexed with a carrier protein, and is thus small enough to be readily filterable. This predicts that, at a minimum, approximately 30% of the propeptide entering the kidney at any time will be delivered to the tubular lumen in intact form by filtration. This was confirmed by the equivalence between renal extraction ratios close to 30% for both proUGn and inulin, a classical marker of renal function that is cleared exclusively by glomerular filtration. Second, the time course of clearance of plasma proUGn (Fig. 2D) was very similar to that of inulin, which reinforces the idea that the renal clearance of proUGn is due to filtration rather than secretion. Third, we observed intense radioactive labeling of proximal tubule profiles after iv infusion of labeled proUGn (Fig. 3B) , but the tissue content of radioactivity associated with those profiles was comprised almost exclusively of free amino acids (Fig. 3A) rather than the larger peptide metabolites that are found in urine (Fig. 3C) . All of these results are more consistent with intratubular processing than with transcytotic intracellular processing.
A working model for the biological roles of proUGn in health and disease
Whole body electrolyte homeostasis requires that dietary salt intake must, over the long term, be matched by renal salt excretion. However, the episodical nature of salt consumption intrinsically generates short-term imbalances. Thus, it is currently believed that the introduction of salt into the lumen of the intestine triggers two protective mechanisms: one that slows the absorption of the ingested salt from the lumen (40) , and another that accelerates the excretion of systemic salt by the kidney (1-6). Together, these mechanisms minimize, or "buffer," the impact of an incoming salt load. Our working model, shown schematically in Fig. 6 , assigns prominent roles in both of these postulated "buffering" mechanisms to proUGn, and, as the most likely possibility, the UGn derived from it. The model highlights new observations presented here and in our companion publication (27) , as well as previous findings contributed by a number of other laboratories (reviewed in Refs. 41 and 42) . The model ignores potassium, whose reabsorption appears to be regulated by UGn within the kidney (24) , but whose postprandial handling is, otherwise, not well understood.
Central to the model is the identity of the cell that synthesizes proUGn in the alimentary tract. In the rat, proUGn synthesis is most likely performed by a subpopulation of enterochromaffin (EC) cells located within the small intestine (16, 17, 43) , although it should be noted that enterochromaffin-like (ECL) cells in the rat stomach also express a proUGn-like molecule at levels that can be detected immunocytochemically (44) . However, when extracts of rat stomach are analyzed by Western blotting (27) or Northern blotting (45) , the data suggest that the synthetic capacity of gastric ECL cells is inadequate to support a significant contribution to the high circulating levels of the propeptide that are reported in the companion publication (27) , arguing that the gastric actions of proUGn in (27) . According to the model, ingesting salt triggers apical and basolateral secretion of proUGn from intestinal EC cells; note that a similar role might be played by ECL cells in the human stomach, where gastric expression of UGn is much higher than in the rat. Apically secreted proUGn is converted to UGn by proteases residing within the intestinal lumen. UGn then acts intraluminally to regulate epithelial electrolyte transport mechanisms. The net effect is to enhance the secretion of sodium and chloride into the lumen, and suppress sodium absorption from the lumen (blue arrows), thus delaying the delivery of salt to the body. In parallel, basolaterally secreted proUGn is delivered to the kidney where it is filtered and converted to smaller peptides and free amino acids by brush border proteases residing within the proximal tubule. Although not shown in the figure, it is also possible that some proUGn may be absorbed from the plasma by tubular epithelial cells, which convert it intracellularly to smaller peptides that are then secreted into the tubular lumen. Free amino acids are returned to the circulation, and one of the luminal peptides (very likely UGn, though possibly an alternate metabolite) acts within the nephron to regulate tubular electrolyte transport. Although the exact site of action is unclear, the net effect on the kidney is to decrease the reabsorption of filtered sodium (blue arrows), thereby accelerating the rate at which sodium is excreted from the body. Thus, this novel endocrine pathway can coordinate the activity of two principal organs involved in whole body electrolyte homeostasis: the intestine, where salt is absorbed, and the kidney, where salt is excreted. Complementary actions at these two sites are thought to buffer the rapid influx of sodium, and perhaps other electrolytes, that would otherwise accompany a salt-rich meal. The proUGn-based signaling pathway may also be activated in disease states that involve volume expansion, such as kidney failure and heart failure. rats are most likely paracrine (similar to those of histamine and somatostatin), rather than endocrine. 1 EC cells were initially identified in the 1950s as the principal site of enteric serotonin synthesis (48) but have subsequently been found to coexpress a variety of peptides, including proUGn (16, 17, 43) , substance P (49), and enkephalin (50) . EC cells reside within, and span the width of, the intestinal epithelium (51) . Functionally, they have been recognized as enteric sensory receptors that respond to a variety of intraluminal mechanical (tactile) or chemical (acidic, nutrient, osmotic, or ionic) stimuli (52) (53) (54) (55) . In the context of our model, it is noteworthy that intraluminal sodium chloride is a prominent stimulus known to activate EC cells (56, 57) .
EC cells respond to luminal stimuli by releasing serotonin and substance P both apically (into the lumen) and basolaterally (into the interstitium) (51, 58, 59) . Morphological studies show that, like serotonin, immunoreactive proUGn is readily observed both adjacent to basolateral membranes and within the apical extensions of EC cells that project to the lumen (16, 17) , providing strong indirect evidence that both basolateral and apical secretion of proUGn occur. This presumption is an integral feature of our working model (Fig.  6 ), which ascribes different functions to apically and basolaterally secreted proUGn. The model proposes that apically secreted propeptide is converted to UGn by proteases residing within the intestinal lumen, a likely candidate protease being chymotrypsin, which rapidly converts proUGn to UGn in vitro (28) . UGn, in turn, stimulates chloride channel activity in crypt epithelial cells (which results in a transepithelial electrical potential that drives the paracellular flow of sodium into the lumen) while simultaneously inhibiting sodium/proton exchange in villous epithelial cells (which decreases the movement of sodium out of the lumen) (21, 42) . These complementary effects strongly retard net intestinal sodium absorption. At the same time, the model proposes that basolaterally secreted proUGn enters the circulation and is transported to the kidney, where it is filtered and metabolized to peptide fragments and free amino acids by brush border proteases located within the proximal tubule. The amino acids are reclaimed from the tubule lumen and returned to the circulation. One of the peptide fragments (very likely UGn, though possibly an alternate metabolite) acts through an as yet unidentified receptor within proximal and/or distal nephron segments to decrease sodium and potassium reabsorption by mechanisms that are under active investigation (60 -66) . This accelerates renal salt excretion, which, in conjunction with the delayed intestinal salt absorption, reduces the extent and slows the rate of delivery of ingested salt to the body, thereby minimizing its impact on body fluid compartments.
Such a buffering system would be most appropriately invoked only when the amount of dietary salt exceeds the body's needs, and might actually be counterproductive during times of salt deficiency. Therefore, it seems likely that these "protective" mechanisms would, themselves, be subject to regulation that considers the body's overall fluid and electrolyte status. Although little information is currently available to support or refute this conjecture, it has been shown that mRNA expression levels of UGn (along with those of guanylin, a related gut peptide that also regulates intestinal epithelial transport) are influenced by long-term changes in oral sodium intake (18, 67) .
In a more pathological context, it is well documented that plasma and urinary levels of UGn and proUGn are elevated in human patients with kidney disease, with good correlation between the degree of elevation and severity of the disease (68 -70) . This is consistent with our results showing that plasma clearance of proUGn requires normal kidney function (Fig. 2) . However, urinary UGn levels are also significantly elevated in congestive heart failure patients (71) , where renal filtration is not typically compromised. The common feature shared by kidney failure and heart failure is volume expansion, not reduced filtration, suggesting that enhanced release of proUGn from the intestine might represent an adaptive mechanism that augments renal salt and fluid excretion in response to pathological salt and fluid retention.
In summary, the results presented here and in our companion publication (27) add to the accumulating evidence that intestinally derived UGn plays a role in renal function and salt homeostasis, and, in particular, focus on proUGn as a relatively neglected player in the signaling pathway. In addition, our results suggest a novel paradigm for the processing of an endocrine peptide, in which an inactive prohormone is converted to active metabolites primarily extracellularly, and only upon reaching its specific target organs. Because processing and, thus, physiological responses are initiated intraluminally within the kidney and gut, this represents a unique situation in which an endocrine agent is constrained, by its unconventional processing mechanisms, to act in the manner of an exocrine agent.
